ABSTRACT Preparations of insulin receptor from cultured 3T3-L1 adipocytes and human placenta previously was found to catalyze the phosphorylation of the 90,000-dalton component of the insulin receptor on tyrosine residues. This insulin-dependent phosphorylation has now been shown to coincide with the generation of an activated, insulin-independent, receptor protein kinase. Activation is dependent upon ATP, divalent cations (Mg2' and Mn2+), and insulin (half-maximal activation occurs at 6-8 nM insulin). The time required for activation is consistent with that needed for insulin-dependent self-phosphorylation of the receptor present in eluates from wheat germ lectin-agarose columns and in preparations of affinity-purified placental receptor. Activation proceeds unabated in the presence of soybean trypsin inhibitor at 0.1 mg/ml and the activated, insulin-independent, protein kinase sediments in 5-20% sucrose gradients at the same position as the unmodified receptor. Under steady-state conditions, the phosphorylated receptor binds insulin in the same fashion as the unmodified receptor. it is proposed that the self-phosphorylated form of the receptor is the insulin-activated protein kinase that catalyzes the phosphorylation of exogenous protein and peptide substrates. A corollary of this hypothesis is that enzymatic dephosphorylation may be essential for reversibly terminating the activity of the insulin-receptor protein Idnase.
Insulin activates a protein kinase that catalyzes the phosphorylation of the insulin receptor in intact cells (1) (2) (3) and in preparations of purified insulin receptor (4) . In vitro, the insulin receptor derived from cultured 3T3-L1 adipocytes and human placenta is phosphorylated on tyrosine residues in the 90,000-dalton subunit of the receptor (3, 5) . Evidence that insulin-dependent tyrosine kinase activity copurifies with the receptor to near-homogeneity suggests that the receptor itself is the protein kinase. However, it is not known which of its subunits possesses this activity. All of the tyrdsine protein kinases that have been described thus far undergo self-phosphorylation. This modification, however, has not been reported to affect enzyme function.
We have now found that incubation of the insulin receptor with insulin, ATP, and divalent cations under conditions in which it becomes phosphorylated stimulates its subsequent ability to catalyze the phosphorylation of exogenous substrates. The phosphorylated receptor remains fully active after gel filtration at pH 6.0, a procedure which restores insulin dependency to the insulin-treated, unphosphorylated receptor.
MATERIALS AND METHODS
Materials. To prepare insulin receptor, cultured 3T3-L1 adipocytes were grown and induced to differentiate as described (6) . A glycoprotein-rich fraction derived from solubilized membranes of either human placenta or 3T3-L1 adipocytes was prepared by wheat germ agglutinin-agarose chromatography as described (3) . This procedure purified the insulin receptor approximately 15-fold from the solubilized membranes and contained 0.3-1.3 mg of protein and 1-2 pmol of insulin binding capacity per ml. It was used either directly (with or without dialysis to remove N-acetylglucosamine) or after storage at -20°C. Unless otherwise indicated, the preparations of insulin receptor used for these studies were eluates from wheat germ agglutinin-agarose. Preparations from placenta and adipocytes behaved similarly in all of the studies reported. For some experiments, the placental insulin receptor was further purified by affinity chromatography on insulin-sepharose. Purification was performed as reported (7) with the following modifications: (i) the wheat germ lectin purification described above was used instead of DEAE-cellulose chromatography; (ii) the receptor was eluted from insulin-Sepharose with 3.0 M urea at pH 7.4 and was immediately adsorbed to, washed, and eluted from a second wheat germ agglutinin-agarose column. This eluate, purified 400-fold from the solubilized membranes, bound 90 pmol of insulin per mg of protein.
[y-32P]ATP (3,000 Ci/mmol; 1 Ci = 3.7 x 10'°Bq) was from Amersham, insulin was from Eli Lilly, histone H2B and bacterial alkaline phosphatase were from Worthington, and angiotensin II was from Sigma. Agarose-bound wheat germ agglutinin was from Vector (Burlingame, CA) and Liquiscint was from National Diagnostics (Somerville, NJ).
General Methods. Insulin-binding activity was measured as described in ref. 7 (ii) The phosphocellulose paper assay described by Casnellie et aL (10) and Glass et al (11) was used for the studies with-angiotensin.
(iii) Precipitation was carried out with 10% trichloroacetic acid (in the presence of bovine serum albumin at 1 mg/ml), and the precipitated protein was collected by centrifugation, resuspended in 0.25 ml of 0.5 M NaOH, and heated for 60 min at 550C. The solutions were then neutralized with HCO, reprecipitated with 10% trichloroacetic acid, collected on glass fiber filters, and assayed in Liquiscint.
Sucrose Gradients. Centrifugation of 0.3 ml of wheat germ agglutinin-agarose eluate was performed in an SW 41 rotor at 286,000 X g for 20 hr at 40C in 5-20% sucrose gradients in 20 mM Hepes, pH 7.4/0.1% Triton X-100/0.1% bovine serum albumin. Fractions were then assayed for insulin binding activity (100 Al) and alkali-resistant histone kinase activity (25 Al) as described above. The insulin binding activity was recovered in fractions [13] [14] [15] (numbered from the bottom of the gradient) in the presence of 0.1 M NaCl and in fractions 16-18 in the presence of 0.5 M NaCl. In both cases, with unmodified receptor, all. of the histone tyrosine kinase activity was insulinstimulated and cosedimented with a single peak of insulinbinding activity.
Minicolumn Gel Filtration. Enzyme that had been preincubated under various conditions at pH 7.4 was adjusted to pH 6 .0 with 1 M Hepes pH 6.0 buffer and incubated for 2 min at 230C. The material (100 Ap) was then applied to 1-ml Sephadex G-75 columns previously equilibrated with 20 mM Hepes, pH 6 .0/0.1% Triton X-100/0.1 M NaCl. Fractions were collected at 230C by spinning the columns at low speed in a table-top centrifuge for 30 sec after each application of 50 or 60 A.d of the same buffer. Blue dextran, insulin-binding activity, and 32P-labeled phosphoreceptor eluted in fractions 3-5; ATP and free insulin eluted after fraction 6. Fractions were assayed at pH 7.4 for protein kinase activity in the standard reaction mixture. Recovery of histone kinase activity from each column was approximately 40-50% under all experimental conditions. RESULTS Preincubation of the insulin receptor at pH 7.4 with 12 mM Mg2+, 2 mM Mn2+, and insulin at 1 ,ug/ml for 15 min followed by the addition of 20 AM ATP for 6 min stimulated the initial rate of histone phosphorylation by the enzyme (Fig. 1) . Preparations of receptor so treated catalyzed the phosphorylation of tyrosine residues on histone at a constant rate and did not show the initial lag exhibited by enzyme that had beenincubated with insulin but exposed to both ATP and histone at the start of the reaction (Fig. 1) . Neither the addition of 20 ,uM adenosine 5'-[f, y-imido]triphosphate (p[NH]ppA) nor the addition of 100 AM GTP, UTP, ADP, or AMP activated the histone kinase activity when substituted for ATP during the. preincubation. Activation by ATP was dependent upon the presence of Mg2+ (12 mM) and Mn2+ (2 mM) and did not occur when the reaction was performed with 10 mM EDTA and no added divalent cations. With angiotensin as substrate for the tyrosine phosphorylation reaction (12, 13) , the phosphorylated receptor exhibited a 3-to 4-fold increase in Vma. (Fig. 2) ; the Km for angiotensin remained unchanged. Activation of the enzyme by ATP was insulin-dependent (Fig. 3) . The concentration of insulin required for halfmaximal receptor phosphorylation and half-maximal activation of histone tyrosine kinase activity was approximately 6-8 nM.
The ability of the receptor to bind 1'I-labeled insulin (0 17-1.7 nM) after a 1-hr incubation at 23TC (7) was not affected by the presence of ATP, Mg2e, and Mn2' during the binding assay. [y_32PIATP (30 cpm/fmol) was then added for 6 min to one set of tubes (m) and an equal volume ofH20 was added to the other set (o). At Activation by ATP and disappearance of the initial lag in exogenous substrate phosphorylation occurred within the time period required for insulin-dependent receptor phosphorylation ( Fig. 1; Table 1 ). In the experiments presented in Table  1 , the insulin-dependent phosphorylation of the insulin receptor in the wheat germ agglutinin-agarose eluate was complete by 6 min whereas phosphorylation of the affinity-purified material was not complete until 30 min had elapsed. Thus, the enzyme is maximally activated by preincubation with insulin and ATP. The activation seen after this preincubation (assessed in the presence or absence of insulin) will depend upon the extent to which previously unphosphorylated receptor becomes phosphorylated during the protein kinase assay (see ref. 3).
The insulin-stimulated protein kinase activity is stable for 30 min at 23°C at pH 5.0-6.0. This makes it possible to investigate the activity of the modified receptor after discharge of bound insulin by rapid gel filtration at pH 6.0. In the experiment shown in Fig. 4 [Y-32P]ATP (20 uM; 18.2 cpm/fmol) was then added for 5 min to set 1 (A) or for 15 min to set 2 (A). These incubations were then terminated by the addition of NaDodSO4 sample buffer, and the 32p incorporated into the 90,000-dalton protein was assessed as described in the legend to for histone kinase activity for 20 min. The 32p incorporated into tyrosine residues in histone was assessed by the trichloroacetic acid procedure. The 32P incorporated into protein in the absence ofhistone (<10% of that incorporated into histone) was subtracted from the data presented.
insulin (0.2 nM in the final protein kinase assay) did not alter the insulin sensitivity of the insulin-treated unphosphorylated receptor. When the same preparation of receptor was sedimented in a 5-20% sucrose gradient, the activated insulin-independent protein kinase activity had the same s20,,w as the untreated receptor (7) . Although this peak of activity could bind added "251-labeled insulin, none of the "25I-labeled insulin bound prior to centrifugation remained associated with the receptor. The final protein kinase assay using this material could not have contained more than 0.15 nM insulin. It remains possible, however, that a small amount of residual insulin associated with the receptor is bound differently to the phosphorylated receptor than it is to the unphosphorylated receptor and that this could be responsible for the apparent insulin "independence" of the phosphorylated receptor. The ability of ATP to stimulate the receptor kinase activity with exogenous substrates also occurred with highly purified preparations of the placental insulin receptor ( Table 1 ). The purified receptor was also rendered insulin-independent by the preincubation. In fact, kinase activity was frequently higher in the absence of added insulin. The observation that even in the adipocyte wheat germ agglutinin-agarose eluate, all of the tyrosine histone kinase activity cosedimented with the insulin receptor in 5-20% sucrose gradients in the presence of either 0.1 or 0.5 M NaCl makes it unlikely that ATP is activating a tyrosine kinase other than the insulin-receptor kinase in this relatively Fractions containing the receptor that had been activated by exposure to [y-32P]ATP and then filtered at pH 6.0 exhibited the expected single 32P-labeled 90,000-dalton band after NaDodSO4/polyacrylamide gel electrophoresis and radioautography. The 'P-labeled receptor isolated by gel filtration did not catalyze the transfer of 32P from the 90,000-dalton subunit to histone when assayed in the presence or absence of Mg2' and Mn2+ and unlabeled ATP. The possibility that ATP might be activating a contaminating trypsin-like protease which would act on the insulin-bound receptor and alter its properties was made unlikely by the observation that activation occurred to the same extent when the phosphorylation reaction was carried out in the presence of soybean trypsin inhibitor at 0.1 mg/ml. Sedimentation of the phosphorylated receptor kinase in the same position as the unmodified receptor kinase in sucrose gradients is consistent with this conclusion.
Finally, treatment of the insulin-independent phosphorylated receptor with 0.08 unit of bacterial alkaline phosphatase for 1 hr at 230C in the presence of 0.1 M Tris HCI, pH 8.0/0.1 M NaCl/0.1% Triton X-100/6% glycerol/78 mM MgCl2 containing bovine serum albumin at 0.7 mg/ml resulted in 70% loss Of 32p from the receptor. This dephosphorylation restored the ability of insulin (1 pug/ml) to stimulate histone phosphotransferase activity 1.7-to 1.8-fold when assayed after addition of 1 
